Mesenchymal stem cells (MSCs) secrete bioactive factors that exert diverse responses in vivo. In the present study, we explored mechanism how MSCs may lead to higher functional recovery in the animal stroke model. 
Introduction
Stem cell therapies based on its multipotent capacities are emerging as candidates for treatment of various diseases including neuronal or nonneuronal dysfunctions. Neural stem cells (NSCs) or embryonic stem cells (ESCs)-derived neural stem cells have been used for the treatment of neurological dysfunctions such as spinal cord injury , amyotrophic lateral sclerosis (Silani et al., 2004) , and stroke Kelly et al., 2004; Hayashi et al., 2006) . While those approaches have demonstrated that the survival and differentiation of grafted cells into neural cells correlate with behavioral improvement, these cells have limitation for clinical application because of possible immune rejection, insufficient cell supply, and ethical concerns. Moreover, the risks associated with ESCs such as formation of teratoma, are yet to be conquered. Mesenchymal stem cells (MSCs) are bone-marrow derived stem cells that can differentiate into mesodermal tissues, such as fat, bone, cartilage, and muscle (Pittenger et al., 1999) . Recently, transdifferentiation of MSCs into neural cells using a variety of growth conditions were reported, although the distinct real transdifferentiation was not achieved (Woodbury et al., 2000; Kohyama et al., 2001; Kwak et al., 2006) .
For the regenerative or protective therapy in the stroke treatment, MSCs are appeared as candidate that supply large amounts of angiogenic, antiapoptotic, and mitogenic factors as well as migration toward damaged tissue and neuronal differentiation of themselves, although the specific mechanism remains controversial and needs to be explored (Wang et al., 2002; Chen et al., 2003a; Lee et al., 2007) . Therefore, theses cells are considered as candidates for their possible use as autograftable cellular vehicles for both cell and gene therapy. Very recently, MSCs are used in clinical treatment and shown to be effective in the various pathological cares, although an absence of the evidence for distinct therapeutic mechanisms (Fouillard et al., 2002; Wollert et al., 2004; Lee et al., 2007) .
Proliferation of resident NSCs in the subventricular zone (SVZ) and subgranular zone (SGZ) involves precise coordination of cell-cycle exit, cell proliferation, cell migration, and initiation of neuronal differentiation (Doetsch et al., 1997; Lee et al., 2006) . Although the innate function of persistent neurogenesis from SVZ is poorly understood, recent studies have demonstrated that stroke enhances the SVZ cell proliferation, and that these cells differentiate into mature striatal neurons and replace damaged neurons (Thored et al., 2006) . However, since the number of cells generated from neurogenic niche is too low to have a significant impact on functional recovery after stroke, many experimental trials have been undertaken to enhance endogenous neurogenesis after stroke using various agents, such as, EGF, VEGF erythropoietin (EPO), and statins (Chen et al., 2003b; Sun et al., 2003; Teramoto et al., 2003; Wang et al., 2004) . Recently, it is reported that transplantation of MSCs enhance functional recovery in animal stroke model as well as endogenous neurogenesis (Chen et al., 2003a; Munoz et al., 2005) . However, it has been poorly explored whether the migration, survival, and differentiation of newborn cells generated from NSCs in the SVZ are influenced by transplanted MSCs.
In the present study, we show the intracranial transplantation of MSCs have therapeutic effects in the animal stroke model. We first verify that transplantation of MSCs improved the functional recovery and then prove that not only proliferation of resident NSCs in the SVZ but also the survival of new born neuroblasts are increased by MSCs.
Materials and Methods

Cell culture
All experimental protocols using MSCs were approved by the Institutional Review Board of Ajou University Medical Center (Suwon, Korea). Human MSCs were isolated from bone marrow aspirates as described previously (Kim et al., 2005) . MSCs were cultured in DMEM, containing 10% FBS, 100 U penicillin, 100 mg/ml streptomycin (Invitrogen, Grand Island, NY) and 10 ng/ml of basic fibroblast growth factor (Dong-A Pharmaceutical Co., Youngin, Korea). To determine the potential for MSCs to differentiate into mesodermal lineage such as chondrocytes, osteocytes and adipocytes, differentiation was induced according to the procedures described by Pittenger et al. (1999) .
Induction of stroke and transplantation of MSCs
All animal protocols were approved by the Institutional Animal Care and Use Committee of Ajou University Medical School. Anesthesia of adult male Sprague-Dawley rats weighing 250-270 g was induced with 5% isoflurane in 70% of N2O and 30% of O2 using a induction chamber and maintained at 3% isoflurane using a face mask. Rectal temperature was maintained at 37 o C throughout the surgical procedure, using an electronic temperature controller linked to a heating pad (FHC, Bowdoinham, ME). Transient middle cerebral artery occlusion (MCAo) was induced as described by Longa et al. (1989) with a slight modification. Briefly, the right common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were exposed through a ventral midline incision. A 4-0 monofilament nylon suture with a rounded tip was introduced into the CCA lumen and gently advanced into the ICA until it blocked the bifurcating origin of the MCA. Two hours after occlusion, animals were reanesthetized and reperfused by withdrawing the suture until the tip cleared the lumen of CCA. To obtain the rats having a uniformed ischemic injuries, double screen-out method was employed. First, the rats having negligible or moderate ischemic symptoms in any type of behavior tests on day 1 were discarded. Second, the rats having infarct in a small or in a region such as only striatum or cortex were discarded after MRI analysis on day 2. Animals showing similar behavior symptoms and comparable infarct volumes as seen on MRI were selected and randomly grouped to receive PBS or MSCs.
Three days after MCAo, the animals were anesthetized as described above and received MSCs or PBS. After the skull was opened in stereotactic apparatus (Kopf Instruments, Tujunga, CA), 5.0 × 10 5 of MSCs in 7 μl of PBS were injected into the striatum (AP, 0.5; ML, 2.5; DV, 5.0) and cortex (AP, -0.5; ML, 2.0; DV, 2.5) in the penumbra ipsilateral to the injury for 15 min. Equal volume of PBS was used as a control.
Behavior tests
All animals were pre-trained for 1 week before induction of MCAo. The behavior tests were composed of the tests to measure motor and sensory behavior including rotarod test and adhesive removal test and performed on 1, 7, 14, and 28 days after MCAo. Only the animals capable of remaining on the rotarod cylinder for more than 300 s and removing adhesive dots within 10 s were used for experiments. In the rotarod motor test, the rotarod cylinder (Ugobasile, Comerio, VA, Italy) was accelerated from 4 rpm to 40 rpm within 5 min, and the amount of time that each animal remained on the rotarod was measured with a cut off time of 300 s. The data are presented as percentage of the mean duration from 3 trials with respect to the performance before surgery. For adhesive removal tests, square dots of adhesivebacked paper (100 mm 2 ) were used as bilateral tactile stimuli occupying the distal-radial region on the wrist of each forelimb. The time taken for each animal to remove each stimulus was recorded, and animals were given 3 trials with a cut off time of 300 s. The data are presented as the mean time to remove the dots.
Magnetic resonance imaging (MRI)
MRI scanning was performed using a 3.0 Tesla whole body MRI scanner (Magnus 3.0, Medinus Inc., Yongin, Korea) equipped with a gradient system capable of 35 mT/m on 2, 14, 28 days after MCAo. A fast-spin echo imaging sequence was used to acquire T2-weighted anatomical images of the rat brain in vivo, using the following parameters: repetition time = 4,000 ms, effective echo time = 96 ms, field of view = 55 × 55 mm 2 , image matrix = 256 × 256, slice thickness = 1.5 mm, flip angle = 90 o , number of excitations = 2, pixel size = 0.21 × 0.21 mm 2 . A total of 15 slices were scanned to cover the whole rat brain. For radio frequency irradiation and signal detection, decoupled home-made coils were used. A 300 mm diameter quadrature 16-rung birdcage coil arrangement was used for RF excitation, and a 40 mm diameter saddle coil was used for signal detection. For each slice, the ischemic area from each T2-weighted image was marked manually and calculated using the software program Osiris (University of Geneva). Relative infarct volume (RIV) was normalized as described by NeumannHaefelin et al. (2000) , using an equation RIV = (LT -(RT -RI)) × d, where LT and RT represented the areas of the left and right hemispheres, respectively, in square millimeters, RI was the infracted area in square millimeters, and d was the slice thickness (1.5 mm). Relative infarct volumes (% HLV) were expressed as a percentage of the right hemispheric volume.
Immunohistochemical analysis and Quantification
To evaluate the proliferation of NSCs, the animals were injected with bromodeoxyuridine (BrdU, 50 mg/kg in saline, i.p.) daily from the transplantation immediately and for subsequent 4 days after transplantation. For the evaluation of the immediate proliferation of NSCs from SVZ, the rats were sacrificed at 2 h after the last BrdU injection at one week (n = 5). Simultaneously, survival or differentiation of newborn cells were evaluated at two weeks, that is, one week after the last BrdU injection (n = 5).
For immunohistochemistry, animals were intracardially perfused with PBS and then fixed with 4% paraformaldehyde (PFA). Brains were embedded in paraffin and sectioned to 5-μm thickness. After boiling in 10 mM sodium citrate (pH 6.0) by microwave for retrieval of antigenicity, the sections were treated with 2 N HCl, and then 0.1 M sodium borate (pH 9.0) and then incubated in PBS containing 1% BSA and 5% normal serum. Then the sections were probed with antibodies recognizing BrdU (mouse, 1:100, Sigma, St Louis, MO, or sheep, 1:100, Abcam, Cambridge, UK), doublecortin (Dcx, 1:100, Santacruz, Santacruz, CA), NeuN (1:100, Chemicon, Temecula, CA). The immunoreactivity was visualized with Alexa Fluor 488-or -594-conjugated anti-IgG secondary antibodies (Molecular Probes, Eugene, OR) and counterstained with bis-benzamide (Molecular Probes). In the case of staining for ischemic cell death, the sections were subjected to In Situ Cell Death Detection kit from Roche Diagnostic GmbH (Manheim, Germany) following to manufacture's protocol. Fluorescent images were acquired using a Zeiss LSM510 confocal microscope (Zeiss, Germany). To identify mitotic cells, the sections were boiled in 10 mM sodium citrate (pH 6.0), and then treated with 0.3% of H2O2. After blocking with normal serum, the sections were probed with anti-Ki-67 antibody (Chemicon) at 4 o C for overnight. The antibody reaction was visualized using an ABC kit (Vector Laboratories, Burlingame, CA). Sections were examined with a Zeiss Axiophot microscope (Zeiss).
Quantification
To quantify the number of immunoreactive cells, three representative sections from each animal (n = 5) were analyzed. tricular zone (SVZ), ischemic cortical boundary (ICB), and ischemic striatal boundary (ISB) using NIH image software, Image J. Briefly, after the fluorescent or bright field images were imported to Image J software, the immunoreactive cells of interest were manually marked and calculated with Image J. The numbers of three sections from each animal were averaged, and the data from 5 animals of each experimental group were presented as means ± SD. Results were analyzed using one-way or repeated measures ANOVA with independent variables of treatment groups and days of testing, followed by Scheff's post-hoc test for multiple comparisons at each measurement day. The level of statistical significance was set at P ＜ 0.05.
Results
Therapeutic effects of MSCs in a rat stroke model
MSCs were isolated from the bone marrow. The MSCs expanded in vitro showed fibroblast-like morphology with spindle shaped body and their multiple potentials to differentiate into adipocytes, osteocytes, and chondrocytes were verified as previously described (Pittenger et al., 1999) (Figure 1) .
To evaluate the therapeutic effects of MSCs in our experimental condition, 3 days after inducing brain ischemia with middle cerebral artery occlusion (MCAo) for 2 h, 1.0 × 10 6 of MSCs were transplanted into 2 sites of ischemic boundary zone (the dorsolateral striatum and the cortex). Motor functions of the animals were evaluated weekly by rotarod and adhesive removal test. The control animals that received PBS showed spontaneous recovery for the first week to a minimal extent and reached to plateau thereafter (Figure 2A , B, open circles). The animals with MSCs showed higher recovery than the control group in the rotarod and adhesive removal tests (Figure 2A , B, closed circles). The MSC group showed 1.5 fold higher scores in rotarod test (48 ± 7.7 versus 32 ± 6.5%) or 1.9 fold lower scores in adhesive removal test (100 ± 12.5 versus 192 ± 37.7 s) on day 28. The brain structure was monitored by magnetic resonance imaging (MRI) over the 28 days of experimental period. The hyper-intense areas in T2-weighted images over the central 8 images (1.5 mm thick) were obtained to measure the infarct volume ( Figure 2C, D) . The original infarct volume was around 57% of the intact contralateral hemisphere. In both the control or MSC groups, the infarct volume was spontaneously decreased to 31-34% for the first 2 weeks. Thereafter the control group ceased to recover whereas the infarct of the MSC group continued to decrease (26 ± 3.9% on day 28). These data indicate that the higher motor functions observed in the MSCsinjected group correlated to less ischemic damage and higher tissue integrity in the host brain, which is evident after 2 weeks.
Enhanced neurogenesis by MSCs
Since the beneficial effects of MSCs were evident in delayed period after inflammatory responses subsided, we investigated the contribution of newly generated neurons were enhanced by transplantation of MSCs. We labeled the proliferating NSCs by daily injecting BrdU for 5 days starting right after transplantation till sacrificing on day 7. New born cells generated from the SVZ were identified by the immunoreactivity to BrdU and/or Dcx. Dcx is transiently expressed in newly formed, migrating neuroblasts and often used to trace the nascent cells.
One week after MCAo, most BrdU + , Dcx + were found within or adjacent to SVZ. The number of BrdU + , Dcx + cells was robustly increased following transplantation of MSCs by 1.8 fold in SVZ1 and 2.4 fold in SVZ2 ( Figure 3B , compare 26 ± 1.3 cells in SVZ1 or 16 ± 6.1 cells in SVZ2 of the control versus 46 ± 7.9 cells in SVZ1 or 38 ± 9.2 cells in SVZ2 of the MSC-group). Since it was shown that the apoptotic cells uptake BrdU in the hypoxic ischemic brain, although the BrdU + cells are not restricted to the SVZ but rather dispersed in the infarct region (Kuan et al., 2004) . Therefore, we further verified proliferation of NSCs resident in SVZ using an anti-Ki67 antibody. Ki67 is a nuclear protein that is expressed in mitotic phases of the cell cycle (Scholzen and Gerdes, 2000) . The number of + cells was significantly increased by 2.5 fold in SVZ in MSC-group compared to PBS control (Figure 4 , compare 37 ± 15.3 of control versus 93 ± 25.2 of MSC-group). The data indicate that MSCs increased proliferation of resident NSCs.
In the control group, the BrdU + cells exhibited condensed, irregular nuclei with rare Dcx expression in the cytosol ( Figure 3C ), suggesting that most cells undergo apoptotic cell death (see Figure 5) . In contrast, the BrdU + cells of the MSC-group exhibited relatively homogenous oval shaped nuclei and expressed Dcx in the cytosol. Two weeks after MCAo, BrdU + cells migrated away from SVZ to ischemic territory and widely distributed. Therefore, we measured the number of BrdU + , Dcx + cells in remote areas near to ischemic territory such as ischemic cortical boundary (ICB) and ischemic striatal boundary (ISB) ( Figure 3A ). In the control group, most of BrdU + cells were devoid of Dcx in ICB as well as ISB. Interestingly, BrdU + , Dcx + cells were found more often by 3.1 fold in ICB and by 2.2 fold in ISB of the MSC-group compared to the control ( Figure 3D ). These BrdU + , Dcx + cells showed mature neuronal morphology with long processes, suggesting they are migrating neuroblasts. Moreover the BrdU + cells in the MSC-group expressed NeuN + , a perinuclear neuron-specific protein by 2.3 fold higher than the control group (7 ± 1.1% of NeuN + cells in the MSC-group versus 3 ± 1.1% of NeuN + cells in the control, P＜0.05) ( Figure 3E, F) . The rare expression of NeuN in the BrdU + cells further confirms that new born cells in the control animals failed to differentiate into neuronal cells but underwent apoptosis (see below).
Since the control animals had tendency to have condensed nuclei in BrdU + cells in greater extent, we investigated whether the newly generated BrdU + cells might undergo apoptosis while they migrated into ischemic territory ( Figure 5 ). Two weeks after the ischemic injury, 19 ± 4.6% and 14 ± 3.3% of BrdU + cells were TUNEL + in ICB and ISB of the control animals, respectively. In the MSC-group, the number of TUNEL + cells among BrdU + cells was reduced to 14 ± 2.8% in ICB and more dramatically to 7 ± 3.2% in ISB. Taken together, these data indicate that MSCs not only promote neurogenesis in the SVZ but also protect newborn neuroblasts which migrate toward ischemic parenchyma.
Discussion
In the present study, we demonstrate that transplantation of MSCs enhanced functional recovery, which correlate with increment both in proliferation of endogenous NSCs in the SVZ and in the survival of newborn neuroblasts in the pathological postischemic brain.
The adult mammalian SVZ contains stem cells that slowly proliferate and give rise to Dcx + neuroblasts. Dcx + cells migrate as a network of tangentially oriented chains and reach the olfactory bulb (Doetsch et al., 1997 (Doetsch et al., , 1999 .
After the ischemic injury, the SVZ is expanded (Parent et al., 2002) where proliferation of NSCs is accelerated during first two weeks compared to the normal brain (Zhang et al., 2001a; Arvidsson et al., 2002; Li et al., 2002; Takasawa et al., 2002) . The newly generated Dcx + neuroblasts migrate toward the ischemic territory which is mediated by signaling pathways involving stromal cell-derived factor 1α (SDF-1α) and its receptor CXCR4 (Thored et al., 2006) . However, the majority of newborn cells unfortunately die while they migrate toward ischemic parenchyma via caspase-dependent apoptotic processes (Arvidsson et al., 2002; Zhang et al., 2006) . This notion is consistent with our results that the PBS-treated control animals showed minimal recovery in motor functions and infarct volumes, and then reached a plateau in two weeks after the stroke.
Our study shows that transplantation of MSCs yields higher numbers of BrdU + , Dcx + cells in the SVZ one week after ischemic injury compared to the control group, and in ICB and ISB two weeks later. These cells tangentially migrate from the SVZ toward the ischemic territory and disperse widely in ICB and ISB. Therefore, the densities of BrdU + , Dcx + cells per 0.25 mm 2 in ICB and ISB are generally lower at 2 weeks than those in the SVZ at 1 week (Figure 3) . Importantly, MSCs increase the number of BrdU + , Dcx + cells compared to the PBS-injected control group. Our result with MSCs is consistent with previous studies that MSCs produce bioactive cytokines that promote neurogenesis of resident stem cells in the SVZ (Jin et al., 2001; Zhang et al., 2001b) .
Earlier studies initially reported that the exposure of MSCs to certain chemicals caused neuron-like morphological changes in vitro culture (Woodbury et al., 2000; Zhao et al., 2002; Chen et al., 2003a) . However, it is now believed that rapid morphological change to neuron-like cells is due to immediate cytoskeletal rearrangement but not due to the genuine acquisition of neuronal cell fates Neuhuber et al., 2004) . In addition, the neuron-like phenotypes of MSCs after transplanted in the brain may be a misinterpretation of the cell-to-cell fusion or reuptake of donor antigen following the ischemic damage (Burns et al., 2006; Coyne et al., 2006 MSCs are known to secrete the many kinds of tropic factors including brain-derived neurotrophic factor (BDNF), VEGF, and nerve growth factor (NGF) (Labouyrie et al., 1999; Kinnaird et al., 2004; Mahmood et al., 2004) . Direct infusion of these tropic factors into damaged brain prevents neuronal cell death (Kromer 1987; Hayashi et al., 1998) . Therefore, it is very presumable that transplantation of MSCs reduces the number of TUNEL + cells through via activating signaling pathways involving these trophic factors (Chen et al., 2003a; Kurozumi et al., 2004) . Interestingly, the protective effects of MSCs are not limited to pre-existing resident cells but further expanded to newly generated neuroblasts ( Figure 5 ). Taken together, MSCs promote the neurogenesis through dual modes by accelerating proliferation of NSCs in the SVZ as well as by protecting the new born cells from the pathogenic environment while they migrate toward the ischemic territory.
MSCs can be isolated from various tissues including bone marrow, adipose tissue, umbilical cord blood (Wagner et al., 2005; Kern et al., 2006) . In those tissues, MSCs act as supporting cells to facilitate proper functions of resident progenitor cells. For example, MSCs in bone marrow regulate the survival, self-renewal, migration, and differentiation of hematopoietic stem cells (HSCs) through several mechanisms, including cell contact interactions or the production of growth factors, chemokines, and extracellular matrix molecules (He et al., 2007) . These paracrine functions of MSCs improve microenvironment more favorable to host cells and enhance the recovery when transplanted to animals with non-neurological as well as neurological dysfunctions.
The present study verifies previous findings that therapeutic effects of MSCs are associated with the acceleration of proliferation of NSCs resident in the SVZ, but also firstly reveals that the beneficial effects of MSCs are exerted on newborn neuroblasts. Promotion of neurogenesis by MSCs through dual mechanisms may provide a scientific basis for the potential use of these autograftable cells as a therapeutic tool for the treatment of neurological dysfunctions.
